Untreated wheat straw (UWS) or ammoniated wheat straw without (AWS) or with (AWSP) a supplement of potato protein of a low rumen degradability was fed to three steers according to a 3 x 3 Latin square design. All rations were supplemented with sugar-beet pulp and minerals. Voluntary organic matter intake (OM, g/k$75 per d) was 67.8, 76.0 and 80-1 for whole rations (51-1, 59.7 and 59.2 for straw) for U W S , AWS and AWSP respectively, which was significantly higher for AWS and AWSP than for UWS. Organic matter digestibility (OMD, g/kg) was 561, 596 and 625 for the respective rations UWS, AWS and AWSP, also significantly higher for AWS and AWSP than for U W S . The increased voluntary intake and digestion of ammoniated wheat-straw-based rations were associated with a significantly bigher potentially degradable fraction (D) of nentrd detergent fibre (NDF) in offered straw (556 and 661 g/kg for untreated and ammoniated wheat straw respectively) and in the m e n pool (469, 555 and 554g/kg for U W S , AWS and AWSP respectively). Isolated small rumen particles (retained on sieves with a pore size < 1.25 and > 0-041 mm) had a significantly lower D of NDF (average 588 g/kg) than isolated large rumen particles (average 663 g/kg). Fractional rates of degradation of NDF did not differ significantly either between untreated and ammonia-treated wheat straw offered (2.9 and 2-6%/h respectively) or between m e n pools (1-8, 1.7 and 2-1 %/h for U W S , AWS and AWSP respectively). Rations based on ammoniated wheat straw had a significantly higher rumen NH,-N concentration than UWS. Although the rumen pool size of total contents differed significantly between treatments, those of dry and organic matter and of cell wall constituents were not significantly different.
and/or supplementation with nutrients limiting to the animal or its rumen microbes are means to increase digestibility and intake of the straw (Dias-da-Silva & Sundstral, 1986; Cottyn & De Boever, 1988; Silva et al. 1989; Mason et al. 1990) .
Intake of fibrous feeds and its regulation in ruminants is still far from sdliciently understood. Proposed regulation mechanisms vary from almost entirely metabolic to almost entirely physical. Recently, and proposed that feed intake is primarily governed by metabolic mechanisms optimizing the efficiency of energy utilization, thus keeping the noxious effects of oxygen radicals to a minimum and increasing longevity of the animal.
Alternatively, under temperate conditions Bosch et al. (1992) made an analysis of voluntary intake of roughage feeds in relation to the processing capacity of the reticulorumen as determined by its holding capacity or pool size and rate of feed turnover. The latter factor in turn comprises (1) the fractional rate of comminution of large particles into particles of a size which can potentially leave the reticulo-rumen, (2) the rate of fermentative degradation by the rumen microbes, and ( 3 ) the rate of passage of undegraded particles to the lower gut. For sheep and cattle, Kennedy & Poppi (1984) indicated a critical particle size (CPS) of 0.89 and 1.17 mm respectively. In addition to that the functional specific gravity of the feed particles is a variable to be considered. Kaske et al. (1992) introduced particles of varying size and specific gravity into the rumen of sheep and concluded that in determining the probability of escape from the reticulo-rumen the specific gravity of particles is superior to their size. Only small particles with a density equal to or higher than 1-22 showed a high probability of leaving the reticule-rumen.
The present paper describes rumen pool sizes and kinetics of turnover in cattle fed on low-quality fibrous feeds as basal diet. The objective of this study was to assess the kinetics of m e n processing of the feed under conditions which usually prevail in the tropics. Knowledge of the magnitude of the factors describing these various processes will allow the identification of those factors which primarily constrain rumen processing capacity of lowquality fibrous feeds. Based on this information a well documented approach could be designed aiming at improving ruminant production in the tropics on diets largely consisting of highly fibrous feeds, through the formulation of proper supplements in combination with chemical and/or physical treatment.
MATERIAL A N D METHODS

Animals and diets
Three steers (breed Dutch Red and White) of about 500 kg live weight were fitted with a rumen cannula (Bar Diamond Inc., Parma, Idaho, USA; 100 mm internal diameter) in the dorsal rumen sac. The steers were kept in tie stalls during the experiment and were fed twice daily at 07.30 and 19.30 hours. Water was freely available.
The experiment was set up as a 3 x 3 Latin Square design with each experimental period lasting 3 weeks. Adaptation periods before each experimental period had a duration of 3 weeks. A time chart of measurements during each experimental period is given in Table 1 .
Treatments allocated to the animals were: (1) ad lib. wheat straw supplemented with sugar-beet pulp (UWS), (2) ad lib. ammoniated wheat straw supplemented with sugar-beet pulp (AWS) and ( 3 ) ad lib. ammoniated wheat straw supplemented with sugar-beet pulp and potato protein (AWSP), a protein with a relatively low rumen degradability. Ad lib. intake was achieved by offering the animals at least 20% surplus straw. The straw offered was chopped by a grass cutter to a length of approximately 50 mm. Ammonia treatment of the straw was done with anhydrous ammonia (40 kg/900 kg straw dry matter). The Sugar-beet pulp, potato protein (Emsland-Starke GmbH, Emlichheim, Germany) for diet AWSP, minerals and a commercially available mineral-vitamin mixture (Mervit 3 18 ; Premervo, Utrecht, The Netherlands) were offered as a pellet. The quantity of supplemental dry matter (DM) offered for rations UWS and AWS was 18.2 g/kgo'5 per d and for ration AWSP 22.7g/kg075perd, thus achieving a DM intake (DMI) of sugar-beet pulp and minerals and vitamins of 16.5 and 1.7 g/kgo7S per d respectively, and an additional DMI of potato protein of 4.5 g/kgo75 per d for AWSP. The proportions of the various constituents in the supplements are given in Table 2 and the composition of the ration components is presented in Table 3 .
Intake, digestibility and dacron bag analysis Intake and digestibility were measured during a 10d period in weeks 2 and 3 of each experimental period by total collection of feed residues and faeces. Urine was also collected Table 3 . Chemical composition of ration components (glkg dry matter (DM)) -and analysed for N. During week 3, dacron bags (pore size 41 x 41 pm) with 3 5 g (on DM basis) of straw, supplement, large rumen particles (size > 1-25 mm), small rumen particles (0.041 mm < size < 1-25 mm) and total rumen contents were incubated for 05, 6, 12, 24, 48, 72 and 96 h in the rumen of each steer in duplicate. The ration components incubated in each animal's rumen were those included in its diet. In another rumen-cannulated steer fed with wheat straw and sugar-beet pulp the various samples were incubated for 336 h to determine the truly undegradable residue (U). Straw and supplements were ground to pass through a 1 mm sieve, while the isolated large and small particles and total rumen contents were incubated as such. After removal of the bags from the rumen they were washed in a washing machine for 30 min with cold water.
Rumen fermentation
Rumen fluid samples were taken during week 2 for analysis of diurnal fluctuations in pH, and NH,-N and volatile fatty acid (VFA) concentrations. Rumen fluid samples were taken two-hourly starting from 07.30 until 19.30 hours. The pH was measured immediately and samples for NH,-N and VFA analysis were centrifuged and stored with trichloroacetic acid and 14.7 M-phosphoric acid respectively, pending further analysis.
Rumen evacuations
Rumen evacuations were done in the first and second weeks of each experimental period. Each steer's rumen was evacuated once daily over 3 d either at 09.30, 13-30 or 1730 hours. The rumen contents were weighed, sampled and the residue returned into the rumen. This procedure took about 30 min per steer. During week 1, 3 O h of the rumen contents were taken: 1.5 YO for separation into large (size > 1.25 mm) and small (0.41 mm < size < 1.25 mm) particles and subsequent incubation in dacron bags, 0.5% for incubation in dacron bags, 0.5 % for wet sieve analysis, and 0.5 YO for analysis of composition.
During week 2 feed was withdrawn from the animals from 09.00 till 18.00 hours during the 3 d when evacuations took place. A small proportion (2 %) of the rumen contents was sampled : 1 % for wet sieve analysis and subsequent dacron bag analysis for 336 h, and 1 % for analysis of composition including Cr. The rate of turnover of large and small particles was measured from the logarithmic decline in the whole rumen large and small particle pool. The rate of comminution of large particles was estimated from the logarithmic decline in the rumen undegradable large-particle pool.
Particle size distribution
Particle size distribution of straw immediately upon ingestion and chewing was measured in week 2 by allowing the animals to consume straw for 15 min while having an empty rumen. The ingested material was removed from the rumen and stored as such in a freezer pending sieve analysis. Faecal samples for analysis of particle size distribution were taken once in week 1 and once in week 3.
Wet sieve analysis of rumen and faecal samples was done on a Fritsch Analysette 3 (Fritsch GmbH-Laborgeratebau, D-6580 Udar-Oberstein, Germany). The procedure was as described in detail by Bosch et al. (1993a) . For faecal samples the mesh apertures of the sieves used were 1.25, 0.63, 0.315, 0.16 and 0.071 mm. For rumen samples the mesh apertures were 5,2.5, 1.25,0.63 and 0.071 mm. Rumen samples obtained immediately after ingestion were sieved through a 1.25 mm mesh. Separation of rumen samples into large and small particles for incubation in dacron bags was done through sieves of 1.25 mm and dacron cloth with a pore size of 0041 mm. Hence, small particles passing this dacron cloth were not included in the isolated small particles. Particles retained on sieves with a diameter larger than 1.25 are referred to as large particles (LP), while particles passing that sieve are considered small particles (SP).
The mean particle size was calculated using a logarithmic transformation of the sieve diameter as described by Waldo et al. (1971) . It was assumed that material passing the 0.071 mm sieve should be retained on a 0.001 mm sieve.
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Chewing behaviour
During week 1 the eating and rumination behaviour of the animals was recorded on video tape for 2 d for each animal: animal 1 on Monday and Thursday, animal 2 on Tuesday and Friday and animal 3 on Wednesday and Saturday. Time was also recorded on the video tapes. From these recordings the daily time spent eating and ruminating and the number of chews/min rumination were obtained. The latter was done by counting the number of chews during 1 min rumination for five rumination periods daily.
Passage rates
During the first and second weeks of each experimental period the fractional passage rates of the liquid and particulate phases in the reticulo-rumen were estimated with Co-EDTA and Cr-neutral-detergent fibre (NDF) respectively (prepared according to Ud6n et al. 1980). On day 1 at 06.30 hours, 100 g Cr-NDF (49 g Cr/kg, particle size 0.2-1 mm) and 30 g dry Co-EDTA (1 50 g Co/kg) were administered into the ventral rumen sac. Fractional rate of passage of the liquid phase (kJ was derived from the logarithmic decline of the rumen Co concentration, and the fractional rate of passage of the particulate phase was estimated from the declining phase of the logarithmically transferred faecal excretion curve of Cr (kp.faece8, peak concentration defined after plotting). No correction was made for Co and Cr withdrawal from the rumen by sampling during rumen evacuations.
The fractional rate of passage of the particulate phase was also estimated from the logarithmic decline in rumen Cr pool (kp.rumen) as estimated in animals which had no access to feed from 09.00-18.00 hours during week 2.
Chemical analysis
Offered and residual feed, faeces and rumen samples were analysed for DM, ash, N, NDF, acid-detergent fibre (ADF) and acid-detergent lignin (ADL). Large and small rumen particles and dacron bag residues were analysed for DM, ash and NDF. Analysis of rumen samples was done after freeze-drying, while analysis of all other samples was done after drying at 70". DM was determined by drying at 103", ash by ashing at 550" and N by the Kjeldahl method. Cell wall analysis was done according to Goering & Van Soest (1970) . Hemicellulose was calculated as NDF minus ADF and cellulose as ADF minus ADL. Co in rumen fluid samples and Cr in faeces were determined by atomic absorption spectrophotometry (Varian SpectraA 300, wavelength 240.7 nm for Co and 357.9 nm for Cr) after wet destruction. NH,-N in rumen fluid was measured by the indophenol method (Scheiner, 1976 ) with a Hitachi u2000 spectrophotometer at a wavelength of 634.8 nm. VFA were measured by GLC (Packard 419; glass column (1.8 m, i d . 2 mm) filled with Chromosorb 101, 80-100 mesh, carrier gas (N,) saturated with formic acid, 190').
Calculations and statistics
Rates of degradation were calculated according to the model of Robinson et al. (1986) :
in which R, is the residue (%) at time t, U is the truly undegradable fraction (%), D is the potentially degradable, but water-insoluble fraction (%), k, is the fractional rate of degradation (%/h) of fraction D and t' is the lag time (h). The model was fitted by the nonlinear regression procedure of the statistical program DBSTAT (Brouwer, 1989) . The lag time was estimated as part of the model. For rumen samples no lag time was included in the model.
The rates of clearance (kcJ and comminution (k,) of large particles were calculated from the logarithmic decrease of the whole rumen LP pool and the truly undegradable rumen LP pool respectively, in fasting animals by the formulas :
in which LP, is the size of the rumen LP NDF pool at time t and k,, is the rate of clearance of the rumen LP NDF pool and
in which LPU, is the size of the truly undegradable rumen LP NDF pool at time t and k, is the rate of comminution.
The data were analysed statistically using the ANOVA procedure of the DBSTAT program (Brouwer, 1989) . The data were analysed according to the model
(4)
Total degrees of freedom (d.f.) were 8 and each of the factors and the error had 2 d.f. Significance of differences between ration means were tested by Student's t test.
RESULTS
Intake and digestibility
Intake and digestibility of whole rations are presented in Table 4 . Ammonia treatment increased intake of organic matter OM, NDF and cellulose and N significantly. The OM intake (OMI) of straw was 51.1,59-7 and 59.2 g/kgo'5 per day for U W S , AWS and AWSP Values within each row bearing unlike superscript letters were significantly different (P < 0.05). Tables 2 and 3 respectively (SEM 1.18), which was significantly higher for AWS and AWSP than for UWS. Straw OM1 increased by 16% due to ammonia treatment. No significant effect of supplementation of potato protein to ammoniated wheat straw on intake of any nutrient, except N, was observed.
* For details of diets and procedures, see
Digestibility of OM, NDF, hemicellulose, cellulose and N was significantly higher for AWS than for UWS. Ammonia treatment of wheat straw increased the digestibility of cellulose and hemicellulose to about the same order, by 13 % for hemicellulose and by 12 % for cellulose. AWSP had a significantly higher digestibility of hemicellulose and N than AWS. Analysis of N digestibility by the following Lucas equation (van Soest, 1982) :
in which DNI is the digestible N intake as percentage of OMI, a is the intercept interpretable as the metabolic faecal N excretion (g) per 100 g OMI, b is the true digestibility of N and NI is the N intake (YO of OMI), yielded as estimates for metabolic faecal N excretion 0.61 (SE 0.079) g/100 g OM1 and for true N digestibility 088 (SE 0.051) (R2 0,973, RSD 0.067, n 9). Assuming an organic matter digestibility (OMD) for the sugar-beet-pulp supplement of 850 g/kg the estimated straw OMD was 467,525 and 545 g/kg for U W S , AWS and AWSP respectively (SEM 7*2), which was significantly higher for AWS and AWSP than for UWS. Ammonia treatment of wheat straw increased straw OMD by 12%.
Digestible organic matter intake (DOMI) was significantly higher for AWS than for UWS, while DOMI for AWSP was significantly higher than for AWS. N retention was significantly higher for AWSP than for AWS and UWS. The apparent utilization of digested N, calculated as N retained/N digested, did not differ significantly between rations and was 226, 151 and 273 g/kg for UWS, AWS and AWSP respectively (SEM 57.7).
In Table 5 the degradation characteristics of the ration components are given. The ration components incubated in the rumen of each animal were only those that were included in its diet. Because no differences were found in degradation characteristics of ammoniated wheat straw incubated in the rumen of steers fed on AWS or AWSP the data for ammoniated wheat straw were pooled. The data for sugar-beet pulp were also pooled, since no significant difference was found between sugar-beet pulp incubated in the rumen of steers fed on UWS or AWS.
The potentially degradable fraction (D) of DM, OM and NDF was significantly higher and the truly undegradable fraction (U) and the lag time (t') significantly lower for AWS than for UWS. The apparent solubility of DM, OM and NDF, which is equal to 100-D-U did not differ between UWS and AWS. This apparent solubility of NDF was approximately similar to that of OM. Since NDF is by definition insoluble, the apparent solubility should be attributed to escape of small particles from the bags.
Inclusion of potato protein in the sugar-beet-pulp pellet had no significant effect on DM and OM degradation characteristics.
Degradation characteristics of rumen contents
D and k, values of NDF in isolated LP and SP rumen particles are given in Table 6 . Since the particles were isolated by wet sieving through sieves of 1.25 mm and 0.041 mm for LP and SP respectively, in this case no significant escape from dacron bags of particles at t 0 was observed. The average NDF disappearance for LP and SP at t 0 was only 0.92 % (SEM D in the whole rumen NDF pool was significantly higher and U was significantly lower for AWSP and AWS than for UWS. The apparent solubility of the whole NDF pool, which is assumed to be escape of small particles from the dacron bags, was 16.8, 16.0 and 16.2% for UWS, AWS and AWSP respectively. The k, value of the whole rumen NDF pool was not significantly different between rations.
The difference in D between SP and LP was, over rations, significantly lower than zero, indicating that D in SP was significantly lower than in LP. No significant differences between k, values of SP, LP and the whole rumen NDF pool were found.
Rumen fermentation
The diurnal variation in NH,-N concentration in the rumen fluid is illustrated in Fig. 1 . The NH,-N concentration in rumen fluid of steers fed on AWS or AWSP increased during the first hours after feeding and decreased gradually thereafter. The diurnal variations in pH and rumen VFA concentration were low.
Average daily rumen pH, NH,-N and VFA concentrations are given in Table 7 . UWS had a significantly lower NH,-N concentration than AWS and AWSP. No significant differences either in VFA concentration in the rumen fluid or in molar proportions of individual VFA were found between rations. Table 8 shows the rumen pool sizes in steers that had access to the feed during the whole day. The total rumen pool size gradually declined between the morning and evening feeds and was 82-6, 78-2 and 74-2 kg at 09.30, 13.30 and 17.30 hours, respectively.
Rurnen pool size
Ammoniation of wheat straw reduced total rumen pool size significantly and supplementation of potato protein to AWS significantly increased the weight of rumen contents compared with AWS. Scaled to live weight, UWS had a significantly higher rumen fill than AWS, whole no significant difference between AWS and AWSP was found. No differences in pool sizes of DM, OM and cell wall constituents were observed between rations. The mean DM concentration in the rumen pool was 103, 118 and 109 g/kg (SEM 5.2) for U W S , AWS and AWSP respectively, which was not significantly different between rations. Mean values within each row bearing unlike superscript letters were significantly different (P < 0.05).
DM pools of LP and SP did not differ between rations. SP contributed 691, 672 and 688 g/kg (SEM 14.2) to the total rumen DM pool for UWS, AWS and AWSP respectively. Since the NDF content of LP and SP did not differ (681 and 688 g/kg DM respectively), the contribution of NDF in SP to the rumen NDF pool was equal to the contribution of DM in SP to the rumen DM pool. Mean rumen particle sizes calculated according to Waldo et al. (1971) were 175, 176 and 176 pm for UWS, AWS and AWSP respectively (SEM 8.3, not significant). Relative contributions of particles retained on sieves with mesh apertures of (1) between 1.25 and 0.63 mm, (2) between 0.63 and 0.071 mm, and (3) smaller than 0.071 mm to the SP DM pool were averaged over rations 216 (SEM 38.1), 413 (SEM 68.7) and 363 (SEM 667) g/kg respectively. This particle size distribution within the m e n SP pool did not differ significantly between rations.
Chewing behaviour
Daily time spent eating and ruminating is given in Table 9 .
No significant differences emerged between rations with regard to total chewing time and eating time, either in absolute terms or when scaled to NDFI or DOMI. Rumination time was significantly higher for AWSP than for UWS, but the difference between rations disappeared when rumination time was scaled to NDFI. The number of chews/min rumination was very constant and did not differ between rations. Kennedy & Poppi (1984) defined the critical particle size (CPS) as the sieve aperture retaining the top 5 % of faecal particulate DM. For cattle they proposed 1.17 mm as CPS. In the present experiment the 1.25 mm sieve retained on average 4.3,4-9 and 4-8 % of the faecal particulate DM for the rations UWS, AWS and AWSP respectively.
Comminution of large particles
The rate of clearance of LP, SP, and the rate of comminution (k,) in animals without access to feed from 09.00 till 18.00 hours and the mean faecal particle size are given in Table Table 9 UWS, untreated wheat straw supplemented with sugar-beet pulp; AWS, ammoniated wheat straw supplemented with sugar-beet pulp; AWSP, ammoniated wheat straw supplemented with sugar-beet pulp and potato protein.
Mean values within a row bearing unlike superscript letters were significantly different (P < 0.05). 10. The rate of clearance of the LP pool was significantly higher for AWSP than for UWS. Supplementation of potato protein to AWS affected neither the turnover nor the comminution rates significantly. The turnover rate of SP was significantly lower than that of LP.
Mean faecal particle size was calculated according to Waldo et al. (1971) and was significantly reduced by ammonia treatment. Potato protein supplementation did not affect the mean faecal particle size compared with AWS.
The distribution of particle sizes immediately upon ingestion was measured in cattle with an emptied rumen. The animals were allowed to eat straw for 15 min and the ingesta were removed immediately after swallowing. Only four samples could be obtained, two of UWS 
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UWS, untreated wheat straw supplemented with sugar-beet pulp; AWS, ammoniated wheat straw supplemented with sugar-beet pulp; AWSP, ammoniated wheat straw supplemented with sugar-beet pulp and potato protein. 
Rates of passage of fluid and particulate phases
The fractional flow rate of rumen liquid (k,) and particulate phases measured either from the decline in marker concentration in faeces (kp.faeces) or from the decline in rumen pool of Cr (kp.rumen) are given in Table 11 . This table indicates whether the estimates were derived from fasting animals (feed withdrawn from 09.00-18.00 hours during the first 3 d after introduction of the markers into the rumen) or non-fasting animals. The k,, kp.faeces and kp.rumen were lower for UWS than for the other rations. The difference between fasting and non-fasting across rations was significantly different from zero for k, and kp.faeces, suggesting that k, was significantly higher and kp.faeces significantly lower in fasting than in non-fasting animals. The kp-rumelZ measured during fasting across and within rations was significantly lower than the kp.faeces measured during fasting.
The rates of turnover of the rumen indigestible NDF (iNDF) pool (kp-,,,,) and lignin (kp.llgflffl) pool were calculated as intake/rumen pool size. For estimation of kp.iNDF the following assumptions were made: (1) the U of straw NDF intake was estimated as U/(D + U) (see Table 5 ), which means that the ratio U : D of the apparently soluble part was assumed to be equal to the part that remained in the bags, (2) the U of NDF of the supplements were equal to the U of OM (see Table 5 ), and (3) the U of the rumen NDF pool were the weighted means (based on the proportion of particles in the rumen) of the U of isolated SP and LP (see Table 6 ). Since particles that were not retained on dacron cloth with a pore size of 0.041 mm were not included in the fraction of isolated SP, the assumption was that these very small particles had the same U as the isolated SP.
The kp.iNDF and kp.liga2n did not differ significantly between rations. Over rations, kp.lignin minus kp.iNDF was significantly higher than zero, indicating that the rate of turnover of iNDF was significantly lower than that of lignin. If the rate of turnover of the small particle iNDF pool was calculated as iNDF intake/rumen small particle iNDF pool, the derived values were 3.7, 3.6 and 3.3 %/h for UWS, AWS and AWSP respectively (SEM 0.844, not significant). The k,.,,,,, and kp.faeces refer to the rumen small particle pool, since they were determined with Cr-NDF particles of a size smaller than 1.25 mm. Both kp-rurnen and kp.faeces were significantly higher than the rate of turnover of the small particle iNDF pool.
DISCUSSION
Intake, digestibility and composition Intake and digestibility of wheat straw increased due to treatment with anhydrous ammonia. Intake of straw OM increased by 16 YO and digestibility of straw OM increased by 12%. These increases are comparable with results of other experiments in which untreated and ammoniated wheat or barley straws were compared (Dias-da- Silva & Sundstlal, 1986; Cottyn & De Boever, 1988; Silva et al. 1989; Mason et al. 1990 ). However, Zorrilla-Rios et al. (1991) observed only an effect of ammonia treatment of wheat straw on in vitro DMD, but not on in vivo OMD.
The effect of alkaline treatment of straws is attributed to the disruption of ester bonds between hemicellulose and aromates, which can be found in the lignin portion (Chesson et al. 1983; Morrisson, 1983; Mason et al. 1990 ). Morrisson (1983) found after delignification a higher increase in digestibility of hemicellulose than of cellulose. This was also found by Dias-da-Silva & Sundsterl (1986) for ammonia-treated wheat straw fed to sheep. In the present experiment a similar increase in digestibility of hemicellulose and cellulose after ammonia treatment was found as also observed by Ternrud et al. (1987) .
Ammonia treatment often results in a reduction of the cell-wall fraction in the straw DM (Dias-da-Silva & Sundstlal, 1986; Mrskov et af. 1989; Zorrilla-Rios et af. 1991), due to a reduction in hemicellulose concentration (Dias-da-Silva & Sundstol, 1986; Zorrilla-Rios et al. 199 1). Others, however, only found a marginal reduction in cell-wall concentration (Mason et al. 1990) or hemicellulose concentration (Ternrud, 1987) . In the present experiment the hemicellulose concentration decreased only marginally from 292 to 277 g/kg.
Energy intake from low quality feeds may be limited by small intestinal availability of protein (Egan, 1977; Doyle & Panday, 1990) . Increased small intestinal protein supply through supplementation with potato protein of a low rumen degradability had no significant effect on OM1 and OMD of ammoniated wheat straw in the present experiment. Total DOMI increased however, and no substitution of straw intake by protein intake occurred.
The incremental intake of wheat straw as an effect of ammonia treatment has to be additionally processed in the rumen, i.e. more straw should be degraded in the rumen and/or pass undegraded from the rumen. Degradation in the rumen is a function of the fractional rate of fermentative degradation and the pool size of potentially degradable material. Microbial degradation in the rumen can be limited by N or true protein availability (Hespell & Bryant, 1979) . Passage from the rumen is related to the rate at which large particles (unable to leave the rumen) are comminuted to small particles and to the rate of passage of small particles. In this respect the functional specific gravity of particles plays a predominant role (Kaske et af. 1992) .
Whether these factors related to rumen processing could explain the effects of ammonia treatment on intake and digestibility of wheat straw will be discussed in the following sections. In addition, results from the present experiment are compared with those from experiments with dairy cattle of 500-550 kg during late lactation reported by Bosch et al. (1993a, b) . These cattle consumed wilted grass silages ad lib. and received 1 kg concentrate. NDF digestibility of the four silages in these experiments was on average 714 g/kg (range 629-780 g/kg) and NDFI 60.3 g/kgo75 per d (range 49.6-69.5 g/kg0'75 per d), both higher than for the straws in the present experiment.
Rumen degradation Ammonia treatment increased D and decreased U of wheat straw. Untreated wheat straw in the present experiment had a lower U than reported by Von Keyserlingk & Mathison (1989) , who incubated for up to 120 h, whereas ammonia-treated and untreated wheat straws had higher U than reported by 0rskov et al. (1989) .
D of the ingested straw's NDF was approximately similar to that of rumen large NDF particles, while these large NDF particles had a significantly higher D than small NDF particles. This could be explained by the fact that the average retention time in the rumen was shorter for large particles than for small particles. D of the whole rumen NDF pool was significantly higher for ammonia-treated straw-based rations than for UWS.
The lag time was reduced due to ammonia treatment, which could be related to the better rumen environment (N availability) in which the bags were incubated and a faster hydration and microbial attachment and subsequent colonization due to removal of the waxy surface layer by ammonia treatment.
The fractional rate of degradation was not significantly affected by ammonia treatment as was also apparent from the data of 0rskov et al. (1989) . The rate constants of degradation of the rumen NDF pool were lower than those of ingested straw. This indicates that the absolute value of k, measured in the feed cannot be applied as such to the rumen contents. Aitchisson et al. (1986) concluded that estimates of k, derived from dacron bag incubations underestimate actual k, values and are at best relative indicators of the rate at which degradation occurs.
D and k, of NDF in wilted grass silages incubated in cattle during late lactation (Bosch et al. 1993 b) were on average 82 YO and 4.5 %/h respectively. Comparison with values of 78% for D/(D+U) and 2.6%/h for k, of ammoniated wheat straw, indicates that ammoniated wheat straw is inferior to wilted grass silage mainly in respect of k, of NDF.
The rate of microbial degradation in the rumen could be affected by rumen environment. Ammoniation of wheat straw had no effect on rumen pH, rumen VFA concentration and molar proportions of individual VFA. A rumen NH,-N concentration for maximum in vitro degradation of low quality roughages in the range of 60-100 mg/l was reported by Oosting et al. (1989) . Hence, the rumen NH,-N concentration was lower than required for UWS, while for AWS and AWSP the rumen NH,-N concentrations were above or in the required range between the morning and evening feeding. However, the similarity of k, values between straws incubated in different rumen environments suggests that rumen NH,-N availability might not have limited rumen degradation for UWS. Despite the small but significant difference in k, of SP between AWS and AWSP, the conclusion seems also justified that rumen true protein availability was not limiting k, of ammoniated wheat straw either.
Rumen degradation of NDF in a steady-state situation can be described as k,/(k, + k,) x (D/@ + U)) (Aitchisson et al. 1986 ). The k, values were not different between treatments and accepting similar k, values for the rations, the foregoing formula predicts a higher rumen degradation (in line with the whole tract observations) for ammonia-treated wheat-straw-based diets than for UWS as an effect of the higher D of the rumen NDF pool.
Passage from the rumen Passage of particles from the rumen is easier for small particles and hence rate of comminution of large to small particles could limit passage. The relatively high proportion of small particles in the rumen observed for all rations indicates, however, that passage of particles from the rumen was not limited by comminution rate. Bosch et al. (1993a) , who observed that the proportion of small particles in the rumen DM of dairy cattle fed on wilted grass silages was higher than 70%, arrived at a similar conclusion.
The difference between mean rumen particle size (176 pm) and mean faecal particle size (75 pm for UWS and on average 60 pm for rations based on ammoniated wheat straw) could at least partly be attributed to the fact that sieves used for rumen samples had a larger pore size than those used for faecal samples. However, smaller particles have a relatively higher probability of passage than larger particles (Poppi et al. 1980) , which could also explain the smaller mean size for faecal than for rumen particles. Bosch et al. (1993a) observed mean faecal particle sizes varying from 25-102 pm for wilted grass silages fed to dairy cattle.
The observation that the mean faecal particle size was smaller for ammonia-treated wheat-straw-based diets than for UWS, whereas no difference between rations was found with regard to particle size distribution within the rumen small particle pool, suggests that for the ammoniated wheat-straw-based rations k, of the smallest particles was higher than for UWS.
The rate of passage estimated by Cr-mordanted NDF was higher for rations based on ammonia-treated wheat straw than for UWS, but no ration effect on rate of passage of the indigestible NDF fraction was found. The estimates based on Cr-NDF refer to indigestible particles in the rumen with a high functional specific gravity (FSG) and, hence, a relatively high fractional outflow rate (Sutherland, 1987) . Indigestible NDF is not physically separated from digestible NDF. Fermentation gases will therefore be entrapped in iNDFcontaining particles, thus reducing the FSG and consequently the probability of passage. This means that the FSG of particles is related to the D : U ratio. D of the rumen NDF pool was higher for AWS and AWSP than for UWS. Passage rates of identical particles (Cr-NDF) could thus be different between rations, while those of iNDF could be similar. Differences in FGS between Cr-NDF and iNDF could also explain why kp.,aeees was significantly higher than kp.4NDF, even if the latter was expressed on basis of the rumen small particle iNDF pool.
The kp.f,,ee8 values in the present experiment were higher than those observed for wilted grass silages in dairy cattle (average 4-5%/h) reported by Bosch et al. (1993~) . This indicates that the probability of passage of small particles with a high functional specific gravity is not lower for straw-based diets than for diets based on higher-quality roughages. Probability of passage is more determined by FSG than by particle size (Kaske et al. 1992 ). Effective passage rates will therefore be more related to the average FSG in the rumen or in the rumen SP pool than to the k , determined by Cr-NDF.
Passage is also related to the rumen pool size of particles that can potentially leave the rumen. Rumen DM pool sizes (g/kg live weight) in the present experiment were 16.5, 18.2 and 167 for UWS, AWS and AWSP respectively (SEM 0.53, not significant), in line with the average value of 17.5 reported by Bosch et al. (1993a) for wilted grass silages fed during late lactation to dairy cattle. Bosch et al. (1993a) observed a slightly higher proportion of SP in the rumen DM pool (range 7481%) than found in the present experiment. As indicated earlier, the kp.faeces in the present experiment was, however, higher. Effective passage of SP (k, times SP-pool) from the rumen in the present experiment would therefore be approximately similar to that in the experiments of Bosch et al. (19934. The proportions of SP in the rumen did not differ significantly between rations, and rumination times per kg NDF ingested were approximately similar for all rations. This suggests that the rate of particle size reduction during rumination did not differ between rations. However, Doyle (1983) reported that the resistance to comminution reduces due to alkali treatment, as indicated by the fact that energy consumption in milling was lower for alkali-treated rice straw than for untreated rice straw. There were some weak indications of a reduced resistance to particle size comminution after ammonia treatment in the present experiment: UWS compared with AWS and AWSP had a lower rate of comminution (P > 0.05) and a higher (also non-significant) LP fraction immediately upon ingestion and a longer eating time per kg NDF ingested (also non-significant). The rates of comminution observed in the present experiment were in line with those reported by Bosch et al. (1993a) for wilted grass silages (average 5.7%/h).
The daily time spent ruminating for the straws in the present experiment was approximately similar to that for grass silages fed to dairy cattle reported by Bosch et al. (1993a) . These findings support the suggestion of Welch (1982) that the maximum duration of rumination is approximately 9-10 h. Total chewing time/kg NDFI in the experiments of Bosch et al. (1993a) was on average 132 min, not much different from the average value observed in the present experiment. However, average total chewing time/kg DOMI was 99 min in the experiments of Bosch et al. (1993a, b) and in the present experiment 182 min. This indicates that the energy expenditure in chewing as a proportion of digestible energy intake was higher for straw-based diets than for the silages in the experiments of Bosch et al. (1993a, b) , thus causing a lower efficiency of metabolizable energy utilization.
Maximum rumen fill (Bosch et al. 1993a) , time required for mastication (Welch, 1982) , protein: energy ratio in digestion products (Egan, 1977) , energy demand in relation to physiological status (Weston, 1982) or minimized 0, consumption per unit net energy ingested are mentioned as determinants of intake of lowquality roughages. These factors are, however, often associated and falsification of any theory of intake regulation is therefore difficult.
In the present experiment rumen DM pools did not differ between rations, which could indicate that intake was limited by rumen fill. However, the total rumen pool size decreased during periods between morning and evening feeding, despite the fact that the animals had access to straw during this period. Straw intake during this period was therefore not limited by potential rumen fill, but it could be that the maximum rumen fill could not be maintained between feedings because eating time was restricted by time required for rumination.
Small-intestinal protein availability was probably different between rations. Microbial protein synthesis in the rumen is related to energy availability in the rumen, which was higher for AWS and AWSP than for U W S , and the potato protein of a low rumen degradability in AWSP increased the dietary protein availability in the small intestine. The observed differences with regard to DOMI between treatments could therefore be related to differences in small-intestinal protein availability.
The fact that DOMI differed between rations indicates that the energy demand of the growing steers was not limiting energy intake, at least for rations UWS and AWS. 0, consumption per unit net energy intake is related to metabolizable energy losses in digestion and metabolic processes and in rumination and eating activity. The metabolizable energy losses in eating and rumination activity as indicated by the time spent ruminating/kg DOMI were lower (though not significantly) for AWS and AWSP than for UWS, and were lower for the silages in the experiments of Bosch et al. (1993~) than for the straws in the present experiment. In addition, total metabolizable energy losses increase with decreasing quality of the feed (Agricultural Research Council, 1980) . Intake differences within the present experiment and between the present experiment and those reported by Bosch et al. (1993a, b) could therefore also be related to the different levels of net energy intake, for which 0, consumption per unit net energy intake was minimal.
In conclusion, ammonia treatment increased intake and digestibility of wheat straw by steers, while potato protein supplementation to ammoniated wheat straw increased total DOMI, but had no effect on OM1 and OMD of ammoniated wheat straw. The increased rumen turnover could be explained by a higher rumen degradation for ammoniated wheat straw, mainly caused by an increased D. Comparison with wilted grass silages, as an example of a better-quality roughage with a higher NDFI and NDF digestibility, showed that differences between silage and straw-based diets with regard to rate of comminution and passage characteristics were small. However, the straws offered in the present experiment had a lower k, than grass silages. In addition, untreated wheat straw had a lower D of NDF, than wilted grass silage.
